This paper investigates the effect of item-level RFID on inventory shrinkage in the retail supply chain, which consists of a riskneutral manufacturer and a risk-averse retailer. Under conditional value-at-risk (CVaR) criterion, two different supply chain settings are discussed as follows. In the centralized setting, we develop the models in both RFID case and no RFID case, respectively. Comparisons between the two cases are made. In particular, a sufficient condition is given to judge whether to adopt item-level RFID. In the decentralized setting, we focus on discussing two different contract types including wholesale price contact and revenue sharing contract. Finally, number examples and sensitivity analysis are given to illustrate the proposed models. The results show that, for the centralized system, the sales-available rate, the recovery rate, and the tag cost are mainly the driving factors in evaluating the benefit of an item-level RFID. In particular, when the sales-available rate and the tag cost are quite small and the recovery rate is higher, the supply chain partners' profits obtained by investment for RFID are improved significantly. For the decentralized system, under revenue sharing contract, Pareto improving outcome and coaffording risk can be achieved if the retailer sets an appropriate parameter for the manufacturer.
Introduction
(1) Motivation. In traditional inventory system, it is often assumed that inventory record and physical inventory (actual on-hand inventory) are identical, but in the real world, the inventory record can hardly match the physical inventory; that is, inventory inaccuracy is widespread and inevitable in the store or warehouse/backroom [1, 2] . Usually, there are three different kinds of causes of inventory inaccuracy:
(i) inventory shrinkage: theft from the shelf, product spoilage, and product damage, and so forth; (ii) misplacement: products that are placed on the wrong shelf are not accessible to customers due to improper usage of the storage area; (iii) transaction errors: the wrong item codes are recorded at the cash register.
In recent years, inventory inaccuracy is common in the retail industries and it has gained more and more attention of some researchers. Kang and Gershwin [3] noted that in a global retailer's stores investigated only 70-75% of inventory record was accurate in the best performing retail store during its annual inventory audit. DeHoratius and Raman [4] reported that 65% of the inventory records in retail stores did not match the physical stock from about 370,000 examined SKUs (stock-keeping-units). Moreover, 20% of the inventory records differed from the physical stock by six or more items. By many investigations on how to generate errors in the retail inventory operation process, Rekik [1] concluded that inventory shrinkage is the main cause of inventory inaccuracy. Additionally, related studies also showed that the nonsale inventory shrinkage usually leads to unavailable demand for end consumers, and the magnitude of such losses stemming from inventory shrinkage is huge. Bednarz et al. [5] estimated that US retailers suffered a $31.3 billion loss due to shrinkage in 2002. According to ECR Europe [6] , the value of lost inventory due to shrinkage in 2000 was 13.4 billion euros for retailers in Europe. Nowadays, however, radio frequency identification (RFID) technology can be used to track products and manage inventory based on its ability to higher visibility, and it has been seen as a promising solution for inventory shrinkage in the supply chain arena [7] . Generally, RFID has two principal advantages: high-frequency monitoring and nonline of sight reading, which yield information that is both more accurate and timely [8] . Recently, in order to characterize more practical features, Hervert-Escobar et al. [9] utilized the information obtained in consecutive read attempts to help identify a tag in RFID implementation and developed a heuristic method of selection based on Hamming distance; computer simulation is used to illustrate the validity of the proposed method. Talavera et al. [10] also studied RFID implementation in the steel industry, where RFID technology shows that the shared inventory improvement and the rate of obsolescence reduction are related to inventory management. As information technologies continue to improve and their costs continue to decrease, obtaining more accurate realtime inventory information is becoming increasingly cost-effective. As a result, more and more large companies (such as Wal-Mart, Proctor & Gamble, and Gillette) are guided by high-quality information in their daily operations and decision making [11] .
Motivated by the issue of RFID technology adoption in the industry (especially in supply chain management), we study the effect of item-level RFID on inventory shrinkage in the retail supply chain frame. To get more general results, we extend previous knowledge of inventory inaccuracy and item-level RFID by incorporating risk-averse consideration. As mentioned above, in reality, it is difficult for some companies to bear losses stemming from inventory shrinkage. When facing a higher inventory shrinkage rate and a greater demand uncertainty, the revenue obtained by selling products can not balance the increased loss, supply chain managers must take more risks caused by inventory shrinkage and demand uncertainty, and the results in the risk-neutral case may be considered as unrealistic. Therefore, the question we are concerned about is how the risk aversion level affects their optimal decisions in supply chain system with or without item-level RFID under conditional value-at-risk (CVaR) criterion (see Section 3.1). In addition, many existing studies incorporated price-dependent stochastic demand or RFID technology into supply chain models, but few of them explored RFID technology for retail inventory shrinkage, price-dependent stochastic demand, and risk issue, simultaneously. Our paper will cover these gaps.
(2) Related Literature (i) RFID and Inventory Inaccuracy. Although recent researchers have given some literature reviews on RFID technology [12, 13] , the related research on RFID implementation in inventory management is relatively new. We here only focus on reviewing some recent studies on analyzing the impact of item-level RFID on the reduction of inventory inaccuracies. De Kok et al. [14] considered cost-benefit trade-off between inventory costs and the costs of RFID regarding shrinkage and proved that this break-even price is highly related to the value of the items that are lost, the shrinkage fraction, and the remaining shrinkage after employing RFID. Heese [15] studied inventory record inaccuracy in a supply chain model with a manufacturer and a retailer and analyzed the impact of inventory record inaccuracy on optimal stocking decisions and profits. By contrasting optimal decisions in a decentralized supply chain with those in an integrated supply chain, they concluded that inventory record inaccuracy exacerbates the inefficiencies resulting from double marginalization in decentralized supply chains. Rekik et al. [16] developed a newsvendor model and analyzed the RFID adoption strategy with coordination to improve the supply chain's performance under retail inventory inaccuracy that is subject to errors stemming from execution problems. Based on imperfect inventory records and unobserved lost sales, Mersereau [17] also discussed a periodic review inventory system that explores one-and two-period versions of the problem and demonstrated several mechanisms by which the error process and associated record inaccuracy can impact optimal replenishment. Considering identical error distributions and counting costs, Kök and Shang [2] investigated how to design cycle-count policies from the perspective of the entire supply chain for a two-stage system, provided a simple recursion to evaluate the system cost, proposed a heuristic to obtain effective base-stock levels, and proved that it is more effective to conduct more frequent cycle counts at the downstream stage. Taking into account inventory inaccuracy stemming from shrinkage and delivery errors, Sarac et al. [18] investigated a simulation model with RFID technology in a three-level supply chain and evaluated the qualitative and quantitative impacts of RFID technologies on supply chain system performances and profits. The aforementioned articles all assumed demand to be a constant or a stochastic variable. To our knowledge, there has been no work on investigating the impact of inventory shrinkage on supply chain with price-dependent stochastic demand. In this paper, bearing in mind the fact that the demand of product is affected by price, we discuss a supply chain model with retail inventory shrinkage and assess the benefit of the item-level RFID implementation.
(ii) Risk Aversion. Risk aversion issues in supply inventory management have been extensively studied in the past decades. There are mean variance (MV), value-at-risk (VaR), and conditional value-at-risk (CVaR) in traditional risk analysis approaches. Gan et al. [19] used MV approach to study the supply chain coordination in a two-echelon supply chain with risk-averse agents. Under MV framework, Choi et al. [20] considered two-echelon supply chain coordination problem when the partners take different/same risk attitudes; the result shows that the whole supply chain coordination depends on how different the risk related thresholds between the two supply chain agents are. Choi [21] developed the supply chain models for a multiperiod retail replenishment problem with and without RFID under the MV framework and analytically discussed the use of RFID under vendormanaged inventory (VMI) scheme in a two-echelon singlemanufacturer single-retailer supply chain. Considering the application of RFID technology to eliminate the misplacement problems, Chen et al. [22] focused on analyzing how the risk attitude affects the supply chain members incentives to adopt RFID and the corresponding coordination contract, where the central semideviation is adopted to measure the retailer's risk attitude.Özler et al. [23] utilized VaR as the risk measure in a newsvendor framework and investigated the multiproduct newsvendor problem under a VaR constraint. Based on price-dependent demands, Chen et al. [24] explored the CVaR objective as the decision criterion in the newsvendor problem. They analyzed the optimal pricing and stocking decisions and derived sufficient conditions for the existence of unique solution and further revealed the neat monotonicity properties associated with the optimal pricing and ordering decisions. Chiu and Choi [25] studied the price-dependent newsvendor problem with a VaR objective; they discussed both the linear and multiplicative price-dependent demand distributions cases and analytically derived the optimal solutions for the problem under a VaR objective. Focusing on VaR constraint and CVaR as the risk measures of the downside risk, Wu et al. [26] investigated profit maximization versus risk approaches for the standard newsvendor problem with uncertainty in demand as well as a generalized version with uncertainty in the shortage cost. Different from MV approaches, the upside of variance is not considered as the risk-averse decision-maker; in reality, the upside of variance can be viewed as the surprising gains from investment. Most risk-averse decision-makers only care about the downside losses rather than the upside gains. Thus, VaR and CVaR approaches are more intuitive and comprehensive to reflect decision-maker's risk attitude, but, as Ahmed et al. [27] pointed out, compared to VaR approach, CVaR can be consistent with second-order stochastic dominance rules. Furthermore, Section 3.1 also shows that CVaR approach has attractive computational characteristics. However, our work is not to argue how much better CVaR is than the other approaches. Rather, we only utilize CVaR as a risk measurement. Contrary to the above papers, we just limit focusing on the effect of item-level RFID on the inventory shrinkage problem and take into account retailer's risk caused by demand uncertainty and nonsale shrinkage in supply chain frame.
(iii) RFID and Inventory Shrinkage. Inventory shrinkage is the main cause of inventory inaccuracy; there are some related studies to our paper in adopting the RFID technology for eliminating inventory shrinkage. For example, considering the holding cost, Rekik et al. [28] investigated the problem of having theft in store under a service level constraint, and they analyzed the impact of theft errors and the value of the RFID on the inventory system under the assumption of perfect RFID technology which could eliminate theft errors completely, while we suppose that only a part of shrinkage errors can be eliminated due to imperfect RFID, which is closer to reality. Although Fan et al. [29, 30] also studied the problem of RFID technology for reducing inventory shrinkage under imperfect RFID, they assumed that the demand followed a uniform distribution with known parameters when analyzing the threshold value of tag cost, while our work does not have this assumption.
Under CVaR criterion, the contribution of this paper is threefold: (1) we derive optimal supply chains decisions with and without item-level RFID in centralized setting and provide a sufficient condition to judge whether to adopt itemlevel RFID; (2) we also derive optimal supply chains decisions with item-level RFID in decentralized setting and discuss the necessity of supply chain coordination in this case; and (3) we design wholesale price contract with revenue sharing to achieve a win-win situation for supply chain partners.
The reminder of the paper is organized as follows. In the following section, model descriptions, notations, and assumptions are presented. Section 3 firstly gives definition of CVaR and then focuses on analyzing supply chain's optimal decisions in centralized case with and without item-level RFID under CVaR criterion and discusses how the optimal decisions change with model parameters; finally, we judge whether to adopt item-level RFID for assessing the benefit of the item-level RFID implementation. In Section 4, we explore the optimal policies for a decentralized supply chain with two widely used contracts including wholesale price contract and revenue sharing contract and discuss supply chain coordination for achieving the best performance of the entire supply chain. Section 5 includes number examples and the sensitivity analysis of the parameters in the proposed models. Finally, we conclude with a summary of this paper and point out the direction for future research.
Model Descriptions and Assumptions
We consider a two-echelon supply chain with one manufacturer and one retailer. A single short-life-cycle or seasonal product is provided by the manufacturer and then the retailer sells it to end consumers. Noting that there exist nonsale inventory shrinkage phenomena and demand uncertainty in many retail industries and after making the payment to the manufacturer, the retailer manages and maintains the retail inventory system alone; the manufacturer, however, has no money pumped into retail inventory; that is, the retailer bears all risk associated with nonsale inventory shrinkage and demand uncertainty, and the manufacturer has no risk. Thus, we here assume that the retailer is risk-averse and the manufacturer is risk-neutral.
To model the impact of the nonsale retail inventory shrinkage problems, we define to be the ratio between the sales-available on-hand inventory and the total physical inventory in retail store. Related researches show that itemlevel RFID can achieve a higher product availability, but the effect of RFID is imperfect and inventory shrinkage problems can be only eliminated partly [31] . Similar to the research of Fan et al. [29] on item-level RFID in retail inventory, considering the inventory shrinkage problems, the following assumption is made in our research: when the retailer does not resort to a smart inventory system with item-level RFID, he or she orders units from the manufacturer, and only units are sales-available; the other (1 − ) units are unavailable to end customers due to inventory shrinkage errors, but when item-level RFID are used in inventory system, (1 − ) units for inventory shrinkage can be purchased by end customers, and the other (1 − )(1 − ) units may remain as nonsale inventory shrinkage problems (see Figure 1) . We adopt the following notation throughout this paper:
(1) (⋅) denotes end consumer demand during the selling season; (2) denotes the retailer sets retail price per unit product; (3) denotes the manufacturer sets wholesale price per unit product; (4) denotes manufacturers marginal production cost at the production stage; that is, > ; (5) denotes RFID tag price per unit product; (6) denotes operating cost per unit product at the retail stage for inventory handling, shelf-space usage, and so forth; > ; (7) (⋅) denotes probability density function (PDF); (8) (⋅) denotes cumulative distribution function (CDF); (9) denotes random variable with PDF (⋅) and CDF (⋅);
(10) ℎ( ) denotes the general failure rate function of demand distribution; (11) denotes the retailers order quantity from the manufacturer during the single period; (12) ( ) denotes deterministic and decreasing function of retail price ; (13) denotes stocking factor of inventory; (14) denotes the retailer's risk aversion value; that is, 
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In addition, we make the following assumptions.
(1) To limit the number of parameters considered in model analysis, we only consider RFID tag cost; the fixed costs of RFID implementation include reader system, infrastructure, maintenance and support, and IT investments are not part of our model. The detailed assessment of the above fixed costs is provided by several studies [32, 33] .
(2) For simplicity, at the end of the selling season, any unsold retail product bears no salvage value or disposal cost in retail store; at the same time, we assume unsatisfied demand incurs no loss of goodwill cost (i.e., shortage penalty). Related studies [34, 35] show that the assumptions of zero salvage value or holding cost and zero loss of goodwill cost are appropriate reflections of reality for season or short life-cycle products.
(3) We assume that the end customer demand ( ) has the multiplicative functional form; that is, ( ) = ( ) , where is supported on [ , ] with > ≥ 0. (⋅) is strictly increasing and differentiable on [ , ] , and ( ) = 0, ( ) = 1.
(4) We consider the power form of price-dependent demand factor throughout this paper; that is, ( ) = − , where > 0, > 1; see Petruzzi and Dada [36] for an excellent review and extensions.
(5) In the power form of ( ) = − , following Petruzzi and Dada [36] , we define ℎ( ) ≡ ( )/[ − ( )] that denotes the GFR (generalized failure rate) function of demand distribution under CVaR criterion; assume that it has the strictly increasing property: ( ℎ( )) > 0. The IGFR (increasing generalized failure rate) assumption is mild condition because it captures the most common distributions, such as the uniform, the normal, and the exponential, as well as the gamma and Weibull families, subject to parameter restrictions.
Centralized Policies under CVaR Criterion

Definition of CVaR.
CVaR measures a conditional expectation of the realized profit when the realized profit is not more than a certain quantile of profit, which is often concerned with risk-averse decision-makers. It is a coherent risk measure with attractive computational characteristics and consequently it is widely used in the financial fields. Following Rockafellar and Uryasev [37, 38] and Wu et al. [26] , CVaR maximizes the average profit of the profit falling below a certain quantile level which is defined as the maximum profit at a specified confidence level. More formally, for the given distribution of the profit function (x, y), CVaR can be treated as follows:
where [⋅] denotes expectation operator and ∈ (0, 1] reflects the degree of risk aversion; that is, a lower value implies a higher degree of risk aversion and = 1 implies risk neutrality; x denotes decision vector, y denotes random vector, (y) denotes the probability density function of the random vector y, and Θ denotes -quantile of the random vector y; that is,
In addition, a more generalized formula is introduced to compute CVaR as follows:
It is worth mentioning that Rockafellar and Uryasev [37, 38] proved that (1) and (3) are equivalent under the generalized condition, but, as compared to (1), (3) is more convenient to be used in mathematical calculation and analysis. Therefore, we will adopt (3) to model risk-averse problems with retail inventory shrinkage errors in supply chain.
Centralized Models under CVaR Criterion.
In the centralized supply chain setting, we consider two different cases, that is, one with item-level RFID and another without item-level RFID. We first give the general expected profit as functions of and and characterize the optimal decisions to the centralized system with item-level RFID, and then we explore optimal decisions to the centralized system with no RFID under CVaR criterion. Finally, for assessing the benefit of the item-level RFID implementation, we give a sufficient condition to make supply chain manager judge whether to adopt item-level RFID.
Model with Item-Level RFID.
Based on the above notations and assumptions, the expected profit function of the centralized system with item-level RFID can be written as
where is sales-available product quantity in the retail inventory; that is, = + (1− ) . For the end customer demand ( ) = ( ) , following Petruzzi and Dada [36] , we define ≡ / ( ) as stocking factor. By substituting = ( ) into (4), then (4) is equivalent to
where = 1/[ + (1 − )] and ( − ) + = max{0, ( − )} denotes the quantity of unsold retail product due to demand uncertainty and nonsale inventory shrinkage at the end of the selling season.
In what follows, consider the losses caused by demand uncertainty and nonsale inventory shrinkage may lead to the market risk, by the assumption presented in Section 2. The retailer is risk-averse and the manufacturer has no any risk, so the retailer risk attitude should be viewed as the whole 6 Discrete Dynamics in Nature and Society supply chain risk aversion level; that is, = . The following lemma is listed for obtaining the optimal decisions of the centralized system with item-level RFID under CVaR criterion.
Lemma 1. Under the CVaR constraint, let
Proof. By Π( , , V) = CVaR( RF ( , )), from (3), the expected profit function of the centralized system under CVaR criterion is shown by
Substituting (5) into (6), we have
Equation (7) can be rewritten by
For any given and , we easily get the following.
In particular,
Based on the above cases (1)- (3), we can conclude that Π( , , V) is a concave function of V. Let V * ( , ) = arg max V∈R Π( , , V); combining cases (1), (2) , and (3), it can be shown that
Next, in order to prove
where ≤ ≤ −1 ( ) < , the following discussions are listed.
(
and we therefore have
and we have
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It follows from (18) that
). In conclusion, combining (a) and (b), it follows from the facts that
where ≤ ≤ −1 ( ) < . This completes the proof.
By Lemma 1, we know that, for any given , , the unique optimal (6), we get the general expected profit function of the centralized system with itemlevel RFID under CVaR criterion:
where Λ( ) = ∫ ( − ) ( ). Now, the following theorem will give the optimal decision to the centralized system with item-level RFID under CVaR criterion.
Theorem 2. Under the CVaR constraint, for any given ∈ [ , ] and ( ) =
− , if ℎ( ) is IGFR, that is, ( ℎ( )) > 0, the optimal stocking factor ( ) * is uniquely determined by
and the unique optimal order quantity ( ) * is listed by
Proof. By = ( ) and ( ) = − , we have
into (21), (21) can be written by
and taking the first-order partial derivation of Π( , ) with respect to , we obtain that the necessary condition for maximizing Π( , ) is
Let ( ) = − ( ) + ( − 1)Λ( ), and notice that the first factor in (25) is always positive, so first necessary condition only requires that the optimal stocking factor ( RF ) * satisfies ( ) = 0; solving ( ) = 0, we get the optimal ( RF ) * determined by ( ) = ( + ( − 1)Λ( ))/ . Next, we will prove the existence of the optimal ( RF ) * .
It is obvious that ( ) is continuous in the support set [ , −1 ( )]. After some manipulation, we get ( ) = > 0
and (
in the support set ( , −1 ( )).
Furthermore, to verify the uniqueness of the optimal ( RF ) * , we have ( ) = ( − ( ))(1 − ℎ( )), and
, we easily gain ( )| ( )=0 < 0, which implies that ( ) is unimodal function. Thus, the optimal ( RF ) * is unique.
From (22), we find that the optimal stocking factor ( RF ) * does not depend on the order quantity . Substituting (22) into (24), we get
In what follows, we can show that
and solving Π((
According to the second-order sufficient condition, there exists the unique optimal ( RF ) * that maximizes Π(( RF ) * , ). This completes the proof.
The above theorem shows that it does not have any requirement on problem parameters other than the demand distribution itself to determine the optimal decisions of the centralized system under CVaR criterion. It should be pointed out that, in Theorem 2, when = 1 and = 1, the optimal inventory factor ( RF ) * is the same as Wang et al. [39] and Li and Hua [40] . In addition, for the optimal order 8 Discrete Dynamics in Nature and Society quantity ( RF ) * , by = ( / ) 1/ , we can get the optimal retail price
Substituting ( RF ) * and ( RF ) * into (21), the maximum expected profit of the centralized system with item-level RFID under CVaR criterion is given by
Model without Item-Level RFID.
Similarly, by the assumption presented above, for the case without item-level RFID (where = 0 and = 0), let = 1/ ; the expected profit function of the centralized system under no RFID can be written as
Now, let Π ( , ) = max V∈R CVaR( No ( , )); the optimal decision to the centralized system without item-level RFID under CVaR criterion is given by the following theorem. 
and ( ) * is described by
Proof. This proof is similar to the proof procedures of Theorem 2; thus, we here omit this proof.
Similarly, according to Theorem 3, we can easily derive the optimal order quantity as
and the maximum expected profit of the centralized system without item-level RFID under CVaR criterion is given by
The following proposition discusses how the optimal decisions change with model parameters in the centralized system under CVaR criterion.
Proposition 4. If ℎ( ) is IGFR, then the following hold.
(1) ( ) Proof. Part (1) Comparing (22) with (32), we can easily get the result that
Part (2) Since (22) and (32) (ii) The proof is similar to the proof procedures of Part 3(i); we can gain the monotone behavior of ( No ) * with respect to ; thus, we here omit this proof.
Proposition 4(1) implies that the optimal stocking factor does not depend on whether the centralized system adopts item-level RFID or not, and it seems to depend heavily on demand distribution.
Discrete Dynamics in Nature and Society 9 Proposition 4(2) states that the optimal stocking factors ( RF ) * and ( No ) * are independent of the sales-available proportion parameter; they only depend on the risk aversion value and increase with increases. Because a higher value of implies a lower degree of risk aversion, it implies that a lower degree of risk aversion may lead to a higher stocking factor; that is, in the centralized case, if a supply chain manager has less fear of risk, he or she always tends to order more to meet market demand no matter whether to employ item-level RFID or not. Proposition 4(3) states that the optimal retail prices ( RF ) * and ( No ) * decease with the sales-available proportion increases; it means that a higher sales-available rate may be able to make supply chain manager set a lower retail price for attracting customers to buy more, but the relationship between the optimal retail price and the risk aversion level does not absolutely increase or decrease; it depends on the sign of ((
; that is, for adopting item-level RFID case, when (( RF ) * ) > 0, the optimal retail price increases with increases, and it implies that if a supply chain manager is risk-averse enough, he or she is more likely to set a lower retail price to avoid the risk caused by market uncertainty and nonsale inventory shrinkage; when (( RF ) * ) < 0, the optimal retail price decreases with increases; it means that if a supply chain manager has less fear of risk, he or she may raise his/her retail price and order less to balance the relationship between the expected benefit and the risk; when (( RF ) * ) = 0, the optimal retail price is not affected on the risk aversion level; it only depends on some special demand distributions.
To assess the benefit of the item-level RFID implementation in the centralized situation under CVaR criterion, we introduce the auxiliary function as
, where Π(( RF ) * ) and Π (( No ) * ) are given by (29) and (34), respectively. Note that the auxiliary function Δ can be used to judge whether to adopt itemlevel RFID; that is, if Δ > 0, it means an item-level RFID implementation can bring more expected profit than no RFID case in centralized system, but if Δ ≤ 0, it means that, as compared to item-level RFID system, one case without RFID is a better choice. We will discuss how the model parameters affect item-level RFID implementation in the following.
Proposition 5. (1) Δ is independent of and is decreasing in ; (2) Δ is decreasing in but is increasing in .
Proof. Part (1) By (29) and (34), after some single algebra, we derive the function as
From (35), Δ does not have , so Δ is independent of , and the conclusion that Δ decreases in is obvious. Part (2) Equation (35) can also be written as Δ = ( − 1) ln[[(1 − ) + / ] ⋅ (( + )/( + + ))], so we easily reach the conclusion that Δ is decreasing in . Using a similar argument, we can also gain that Δ is increasing in .
In fact, (35) can be viewed as a sufficient condition to judge whether to adopt item-level RFID, and Proposition 5 states that, although the retailer is risk-averse, the judgment function Δ is not affected by the risk-averse level ; it only depends on some parameters, such as, , , and . In other words, the risk-averse level is not an effective incentive for supply chain manager to adopt item-level RFID system; however, the sales-available rate and the tag cost are mainly driving factors in evaluating the benefit of an item-level RFID. In light of this, we will give the threshold values of , , and in the following theorem. Theorem 6 gives a threshold value of ; that is, = (1 − )( + )/ , and when the RFID tag cost is lower than threshold value , item-level RFID implementation can bring more expected profit; otherwise, the supply chain will suffer losses at ≥ . Likewise, the threshold values of , are summarized in Table 1 for more details, and, furthermore, the impact of the key parameters on supply chains optimal decisions will be discussed in Example 1.
Theorem 6. Under the CVaR constraint, for
From the discussion above, we know that the model with item-level RFID is more generalized than no RFID case in the centralized supply chain system; that is, when = 0 and = , the model with item-level RFID reduces to the model without RFID system. Therefore, we only explore one case with RFID technology in the following decentralized supply chain analysis; the other scenarios are shown in Table 2 .
Decentralized Policies under CVaR Criterion
In this section, we explore the optimal policies for a decentralized supply chain with a separate manufacturer and a separate retailer, and then we discuss a wholesale price contract. Furthermore, we study a revenue sharing contract for coordinating the supply chain, which concentrates on the allocation of the expected sale revenue between the manufacturer and the retailer.
Wholesale Price Contract.
We here consider that, facing nonsale inventory shrinkage phenomena and demand uncertainty in the retail setting, the retailer (like Wal-Mart, Target, etc.) takes the initiative in employing RFID for achieving a higher product availability and bears all of the RFID tags cost. The manufacturer needs to decide wholesale price contract parameters to achieve his/her performance. The order quantity is delivered to the retailer before the selling season, and transfer payments are made between supply chain players based on the agreed contract. Optimal order quantity
Optimal wholesale price
, and
In decentralized supply chain system with item-level RFID under CVaR criterion, the retailer's expected profit function is similar to the function of centralized system in Section 3, so we here directly give the following:
and substituting (35) into (3), the retailer's expected profit function with item-level RFID under CVaR criterion is shown by
Let Π ( , , V( , )) = CVaR( RF ( , )); similar to the proof of Lemma 1, there also exists the unique optimal V * ( , ) = − [ − ( + + ) ] which maximizes Π ( , , V( , )), and the retailer's expected decision function becomes
In what follows, we provide a theorem for getting the retailer's optimal decision.
Theorem 7. In decentralized setting, for the retailer, if ℎ( ) is IGFR, then the decision vector
is the unique maximizer of Π ( , ), where ( ) * is determined by
Proof. Similar to the proof of Theorem 2, thus we here omit this proof.
According to Theorem 7, by = ( / ) 1/ , we can derive the retailer's optimal order quantity as
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From Theorems 2, 3, and 7, we easily find that the retailers optimal stocking factor is always equal to that of the centralized system; that is, ( RF ) * = ( RF ) * = ( No ) * ; it seems to depend heavily on demand distribution and risk-averse level and does not depend on some parameters, such as , , and .
Knowing the retailer's order quantity ( RF ) * , the manufacturer's expected profit function is easily written as
For obtaining the manufacturer's optimal decision, we show the following theorem.
Theorem 8. The optimal wholesale price for manufacturer is unique and is given by
Proof. Recall that ( RF ) * chosen by the retailer does not depend on ; from (41), we can gain that the necessary condition for the maximum of Π ( ) is
and notice that the first four terms in the left part of (42) are each positive, so it only requires the optimal wholesale price * which satisfies [1 − ( − )/( + + )] = 0. After simple manipulation, we give
and we therefore conclude that Π ( ) is strictly concave in and the optimal wholesale price = * is unique.
Remark 9.
In fact, substituting = * into (41) and (42), both the optimal retailer's expected profit and the optimal manufacturer's expected profit are shown, respectively; that is,
Under a wholesale price contract, it is not difficult to find that
which shows that the total of decentralized supply chain profit is always lower than the centralized case. More specifically, it means that more than 26 percent ((( − 2)/ ) * 100%) of the whole supply chain's profit is lost due to double marginalization; meanwhile, it also implies that there exists a potential incentive to coordinate between supply chain players.
In what follows, we discuss supply chain coordination for achieving the best performance of the entire supply chain. Following Cachon [41] and He et al. [42] , a contract designed by the manufacturer is said to coordinate the supply chain if it satisfies the first-order condition of centralized supply chain's profit function at ( RF ) and ( RF ). By the above discussion, we know ( RF ) * = ( RF ) * , so there is only a need to satisfy
After simple manipulation, we can see that there exists = which is required to coordinate the retailer's order quantity. However, it will directly lead to zero profit for the manufacturer, so the wholesale price contract cannot coordinate the supply chain.
Wholesale Price Contract with Revenue Sharing.
In this section, we further discuss supply chain coordination under wholesale price contract with revenue sharing. The manufacturer offers a lower wholesale price to the retailer and shares a fraction of sale revenue earned by the retailer. The retailer decides sale price and order quantity. No money changes hands unless an item is sold. Let be a proportion of sale revenue kept by the retailer, and the other 1 − is shared by the manufacturer.
Under wholesale price contract with revenue sharing, using similar arguments, the retailer's general expected profit function under CVaR criterion is
and the manufacturer's general expected profit function is 
For a given , it means that when Π( , ) reaches its maximum value in (( RF ) * , ( RF ) * ), Π ( , , ) and Π ( , ) can also achieve their optimal expected profits, respectively; that is, the vector (( RF ) * , ( RF ) * ) is also optimal decision in that case.
From Theorem 10, we can see that, under the wholesale price contract with revenue sharing, an arbitrary allocation of the optimal centralized supply chain profit between the manufacturer and the retailer can be achieved by changing the proportion parameter .
Further, from (29), (45), and (46), combined with Theorem 10, we have the next corollary. 
The above corollary shows that, setting appropriate contract parameters, the wholesale price contract with revenue sharing can coordinate the supply chain, and both the manufacturer and the retailer get expected profits higher than their respective reservation expected profits. It is implied that if properly designed it is attractive for both parties of supply chain to accept the coordination contract, and the contract parameter depends on the partners' bargaining power.
In fact, from the above discussion, we can also see that while gaining more profit from sale revenue, the manufacturer takes a part of risk caused by demand uncertainty and nonsale inventory shrinkage; in return, for the retailer, he/she bears less risk and earns more profit from the coordination contract, which can achieve a win-win situation for supply chain partners.
Number Examples and Sensitivity Analysis
In this section, we implement sensitivity analysis of the key parameters , , and to illustrate the impact of changes of parameters on supply chain's optimal decisions under CVaR criterion, and then we further explore the impact of the retailer's risk attitude, inventory shrinkage rate, demand uncertainty, and price-elasticity index of the demand on the total supply chain's profit with coordination for getting more insights. In our number examples, the base values of the parameters are listed as follows: = 0.6, = 0.8, = 0.2, = 3, = 0, = 500, = = 0.2, = 0.6, and = 0.6; the random component of the demand is assumed to follow the normal distribution with = 50 and 2 = 5 2 .
Example 1 (the impact of , , and ). In this subsection, we calculate supply chain's optimal solutions with three possible cases: Tables 3-5 .
From Table 3 , no matter which case happens, the centralized system or the decentralized system, we can observe the following: (1) the centralized supply chain's optimal profits Π * , the retailer's optimal profits Π * , and the manufacturer's optimal profits Π * all increase as the sales-available proportion and the recovery rate increase; (2) the centralized optimal order quantity * and the retailer's optimal order quantity * all increase as and increase; (3) the centralized optimal retail price * and the retailer's optimal retail price * all decrease as and increase, but the manufacturer's wholesale price * is not influenced by the sales-available proportion and the positive value of the recovery rate . Table 3 also illustrates that, compared to no RFID case (such as = 0.6, = 0), if item-level RFID performs quite well (such as = 0.7, 0.8, 0.9), the benefits from RFID is larger than the costs incurred by adopting RFID, and the higher the recovery rate, the more superior the item-level RFID in improving the supply chain performance. From Table 4 , when the recovery rate is constant and item-level RFID is employed, Π * , Π * , Π * , * , and * all decrease as the tag cost increases, but * , * , and * all increase as the tag cost increases. In other words, for the retailer, the manufacturer, and the centralized system, when the recovery rates remain unchanged, their benefits will be reduced due to higher tag price. In fact, by comparing different cases (such as = 0.9, = 0.3 and = 0.6, = 0.1), it is not difficult to find that when sales-available proportion is fairly small and the tag price is lower, the effect of adopting item-level RFID is much better; but when the tag price is higher, the benefits from RFID could not compensate for the costs incurred by using RFID, and no RFID case is a better choice (such as = 0.6, = 0 and = 0.6, = 0.5).
From Table 5 , when the tag prices remain unchanged, as the recovery rate increases, Π * , Π * , Π * , * , and * increase and * and * decrease; but when the recovery rates remain unchanged, as the tag price increases, the opposite of the aforementioned results is true. In addition, we notice that although item-level RFID performs quite well (such as = 0.7 and = 0.9), as compared to no RFID case (such as = 0 and = 0), it does not offer a better decision due to higher tag cost, and the higher the tag cost, the greater the harm to the supply chain performance.
From the above analysis, we find that the tag cost, the recovery rate, and the sales-available proportion can influence supply chain performance; to be specific, when the sales-available proportion is of lower level (higher shrinkage rate), tag cost is quite small, and when the recovery rate is of higher level, it is very important for adopting the itemlevel RFID to improve supply chain's performance. Therefore, in practice, there is a need to exactly assess the threshold values of the tag cost, the recovery rate, and the sales-available proportion to make better choices.
Example 2 (the impact of , 1 − , and ). In this subsection, we firstly calculate the total supply chain's profit by varying from 0 to 10 in different risk settings (see Figure 2) . Next, for the given = 5 and = 2, we vary 1 − from 0.05 to 0.4 to study the impacts of the shrinkage rate on the total supply chain's profit with coordination in different risk settings (see Figure 3) . Finally, we change the price-elasticity index from 2.1 to 2.9 in different RFID tag costs to explore the impact of the price-elasticity index on the total supply chain's profit with coordination (see Figure 4) .
In Figure 2 , interestingly, we find that, for each risk setting, as the standard deviation increases, the total supply chain's profit with coordination firstly increases and then decreases, but when is smaller, the more the supply chains are risk-averse, the more all the supply chains get profit from coordination; when is greater, the opposite of the above result is true. An intuitive explanation for this fact is that a larger value of the standard deviation means a higher uncertainty in demand; in early stage, for the risk-averse supply chain, the superiority of improving performance is obvious, but, in later stage, for the risk-averse supply chain with more fear of risk, the more dramatic the uncertainty in demand, the more dramatic the decrease in total supply chain sales revenue. They care about their expected profits in a conservative attitude.
Recall the above discussion; 1 − can be viewed as shrinkage rate, which is often concerned with risk-averse supply chain in the retail setting. In Figure 3 , we find that, regardless of risk neutrality ( = 1) or risk aversion ( < 1), the total supply chain's profit decreases as the shrinkage rate increases, and, meanwhile, the more the supply chains are risk-averse, the more the total supply chain's profit is for coordination. Moreover, we also find that, compared to risk neutrality case, the risk-averse supply chain always gets more profits.
For the power form of price-dependent demand factor ( ) = − , the parameter is the price-elasticity index, and the larger the value of is, the more sensitive the demand is to a change in price. In Figure 4 , for the case with or without item-level RFID, the total supply chain's profit decreases as the price-elasticity index increases, and, as the tag cost increases, the total supply chain's profit decreases. That is because the larger the price-elasticity index, the more dramatic the decrease in demand with an increase in retail price. The supply chain only gets less profits from the less end customer demand and meanwhile, with price-elasticity index increasing, the supply chain with RFID always gets more profits than the one without RFID.
In fact, from Figures 2, 3, and 4, the total supply chain performance from coordination not merely depends heavily on the isoprice-elastic demand function form; we also find that, for different risk levels, the effect of the demand uncertainty and the shrinkage rate on the total supply chain's profit is very significant; therefore, it is necessary for supply chain manager to exactly evaluate these parameters in the real world.
Summary and Conclusions
Most of the literatures on the application of RFID in improving product availability assumed that the reliability of RFID is very perfect and shrinkage errors can be eliminated completely. However, in practice, nonsale inventory shrinkage problems can only be eliminated partly due to RFID misreading. In this paper, we further explore supply chain optimization and coordination from imperfect RFID perspective. We develop supply chain models with pricedependent stochastic demand in both centralized scenario and decentralized scenario, under a conditional value-at-risk (CVaR) criterion, and we analyze the optimal supply chain's decisions in the two different scenarios.
In centralized scenario, we give the optimal supply chain's decisions under item-level RFID or no RFID case (see Table 2 ); worthwhile to mention is that, regardless of itemlevel RFID case or no RFID case, the optimal stocking factors have no any requirement on model parameters other than the demand distribution itself and the risk aversion level, and the optimal stocking factor does not depend on whether to adopt item-level RFID or not; in particular, setting = 1 and = 1, the optimal inventory factor is the same as the one proposed by Wang et al. [39] and Li and Hua [40] ; the incentives of the centralized system to employ RFID are not affected by the risk aversion level; they mainly depend on the relative values of the sales-available rate, the recovery rate of RFID, and the tag cost, respectively.
In decentralized scenario, we only explore one case with RFID technology and consider two widely used contracts including wholesale price contract and revenue sharing contract. Unfortunately, we find that the total of decentralized supply chain profit is no more than 74% ((2/ ) * 100%) of the centralized supply chain profit due to double marginalization under wholesale price contract. Furthermore, we discuss supply chain coordination for achieving the best performance of the entire supply chain under revenue sharing contract; we find that Pareto improving outcome will be achieved if the retailer sets an appropriate revenue sharing proportion parameter for the manufacturer; interestingly, under this contract, for the manufacturer and the retailer, while getting expected profits higher than their respective reservation expected profits, they actually achieve coaffording risk which could have been taken by the retailer alone.
Finally, we implement sensitivity analysis of the key parameters to illustrate the impact of changes of parameters on supply chain performance and the total supply chain's profit with coordination; number results show that especially if the sales-available proportion is of lower level (higher shrinkage rate), tag cost is quite small, and when the recovery rate is of higher level, supply chain partners' profits obtained by investment in RFID are improved significantly, and, for different risk levels, the effects of the demand uncertainty and the shrinkage rate on supply chain's profit with coordination are very obvious.
There are several possible extensions for further research. In this paper, we only consider and analyze the supply chain including a risk-averse retailer and a risk-neutral manufacturer on this topic. A natural extension is to assume that supply chain composed of a manufacturer and a retailer is risk-averse. In addition, it is worth consideration that one manufacturer sells to two or multiple competing retailers. What strategy can be used to coordinate these agents' performance when the retailers face inventory shrinkage and demand uncertainty? It would also be interesting to investigate how different risk attitudes affect supply chain performance.
